Introduction

1
Human structural variants (SVs) account for up to 300 Mb of sequence variation among 2 individual human genomes and affect a variety of lengths ranging from 50 bp to millions 3 of base pairs (1,2). SVs (i.e., deletions, duplications, and structural rearrangements) are 4 commonly implicated in genetic disorders due to gene-dosage changes, gene(s) disruption, 5 gene fusion or the dysregulation of disease-causing gene(s) (2-4). Thus, the identification 6 of SVs, particularly for structural rearrangements, and the delineation of breakpoints at 7 single-nucleotide resolution are essential for disease diagnosis and further management. Recently, whole-genome sequencing (WGS) using paired-end analysis coupled with
9
Sanger sequencing has enabled the molecular delineation of SVs (5-7). However, SVs are 10 predominantly mediated by repetitive elements, which are commonly larger than 1 kb and 11 are difficult to identify using standard WGS assays such as those with a small-insert 12 library (300-500 bp) (2, 6, 8) . To overcome this challenge (9), the sequencing of two ends 13 from a large DNA fragment (i.e., 3-8 kb) was developed and named mate-pair library 14 construction (5,7). This method enables the identification of unique sequences in the 15 flanking regions of repetitive elements that potentially reveal precise SV breakpoint(s). In 16 addition, data generated using mate-pair library construction shows increased physical 17 coverage and thus decreases the minimum read depth requirement (i.e., 1 to 2-fold read 18 depth or 8.25-fold physical depth) and facilitates clinical use; this approach was 19 introduced as low-pass WGS in our previous study (7, 8) .
20
Biotin-labeling and blunt-end circularization (BLBEC) followed by random 21 fragmentation has been the most common protocol used for mate-pair library construction 22 in the past decade (5, 7, 10) . However, BLBEC has several limitations: (a) the efficiency 23 of circularization through blunt-end ligation is low, and the DNA input requirement is 1 high (3-20 μg); (b) read utility is low due to a high percentage of read pairs that do not 2 cross the circularization junction ["inward" read-pairs (5,11)] or from PCR duplication; 3 and (c) the reagent cost is as high as US $350, thus making clinical implementation 4 impractical (5,7). To address these challenges, researchers have utilized adapters with a 5 2-bp or longer overhang for circularization and created two ~26-bp sequencing templates 6 flanking the junction using the type II restriction enzyme EcoP15I (5,12). Although these 7 modifications reduce library cost from $350 to $188 (5), 9% of chromosomal 8 rearrangements remain undetected due to the short-read alignment (~26 bp) (3,13), and a 9 high quantity of DNA is still required as input (i.e., 20 μg) (5). To obtain longer pair-end 10 read length, researchers performed DNA extension by nick translation with two nicks (or 11 gaps) on the opposite strands in double-stranded DNA circles (dsCirs) (14) . The length of 12 DNA extension was restricted by adjusting the reaction temperature and duration and 13 followed by enzyme digestion with exonucleases. However, gel purification was required 14 because a large size range of DNA templates existed both after initial fragmentation and 15 after enzyme digestion (14, 15) . In contrast, to obtain longer read-length (i.e., 100-bp) and 16 increase library process efficiency, researchers started to optimize the original BLBEC 17 method by introducing Tn5 transposase for fragmentation and circularizing DNAs with 18 sticky ends (16) (17) (18) (19) , but this resulted in a broad range of fragment sizes (16) and created a 19 GC bias, thus reducing coverage uniformity (20, 21) . In addition, random fragmentation 20 after DNA circularization commonly results in a high percentage of reads harboring 21 adapter sequence (i.e., "adapter-contaminated") further lowering down read utility.
22
Finally, all of these protocols require the enrichment of biotin-labeled sequences, 23 resulting in poor process efficiency, high reagent cost and a high percentage of "inward" 1 read-pairs (5,22).
2
Herein, we describe a cost-effective and high-efficiency method of mate-pair library 3 construction by controlled polymerization (MpCP) during nick translation and primer 4 extension followed by 3' branch ligation (3'BL), a special ligation reaction approach 5 discovered in our previous study (23). Compared with previous approaches, our method 6 produces 8-fold increased efficiency for fragment circularization and 50% increased read-7 pair utility. Given its capacity for the comprehensive identification of SVs, this workflow 8 could make low-pass WGS feasible and robust for SV detection in the clinical setting. and used for method evaluation and optimization. In addition, whole-genome sequencing 10 data from four reciprocal balanced translocations using BLBEC in our pilot study (Table   11 1) and six cases prepared with the Nextera Mate-pair Library Construction Kit (Illumina) 12 obtained from the 1000 Genomes Project (25) were also used.
9
Materials and Methods
1
Sample and Data Enrollment
13
DNA Preparation and Qualification
14
Genomic DNA from peripheral blood was extracted with the QIAamp DNA blood mini 15 kit (Qiagen, Hilden, Germany), quantified with the Quant-iT dsDNA HS Assay kit 16 (Invitrogen, Carlsbad, CA, USA) and QC with gel electrophoresis. An aliquot of 1 μg 17 DNA (OD260/OD280 > 1.8; OD260/OD230 > 1.5) from each sample was further sheared 18 to a fragment size ranging from 3-8 kb by HydroShear (Digilab, Inc., Hopkinton, MA) 19 using parameters reported in our pilot study (7).
20
Nick Translation by Limiting Nucleotide Quantities
21
After end-repair and the creation of an A-overhang, genomic DNA samples were ligated 22 with adapter, Ad 1 (Figure 1) . Subsequently, after annealing, PCR amplification was 23 performed with a pair of primers to generate double-stranded DNA (dsDNA) with 1 adapters incorporating dUTPs in both strands (Figure 2) (Figure 2) , and linear DNA was digested by plasmid safe 6 (Epicentre) at 37°C for 1.5 hours. For comparison, five replicates were circularized by 7 BLBEC using the method described in our pilot study (7). Circularization efficiency was 8 calculated as the ratio of the DNA amount remaining (after linear DNA digestion) to the 9 original DNA input. 
19
Primer Extension
20
In brief, the 3'-ends of genomic DNA (ranging from 700 to 3,000 bp) were ligated to the 21 3'-end of adapter, Ad2 (ON5 and ON6) and subsequently denatured at 96°C, annealed 
13
To determine whether providing extra dATP and dTTP would improve data 14 performance, an equal quantity of each dNTP was added (33 pmol of each) for library #1, 15 whereas 33 pmol of dCTP and dGTP and 100 pmol of dATP and dTTP (three-fold of 16 dCTP/dGTP) were added for each of the other three libraries. After nick translation, 3'BL 17 was performed by mixing the products with the 3'-end of Ad2 (, ON5 and ON6) in a 120-18 µl of reaction volume, which was followed by bead purification.
19
Primer extension was performed by two methods in different libraries. Libraries #1 and #4 were amplified using Q5 high-fidelity DNA polymerase. Library 7 #2 was amplified using Pfu Turbo Cx. Library #3 was amplified using pyrophage Inc.); and limited dNTPs. 3'BL was performed to ligate the 3'-end of Ad2 to the naCNT 5 products. Primer extension was accomplished using ttCPE as described above, and the 6 reaction mixture was incubated at 92℃ for 5 min, 56℃ for 60 sec, and 60℃ for 40 sec; For evaluation of the performance in low-pass WGS, uniquely aligned read-pairs in 1 both ends were selected in each sample for further analysis. Physical coverage was 2 calculated as the sum of the aligned distance between each pair of reads that were not 3 duplicated due to PCR amplification.
4
To determine whether GC bias exists during library construction and sequencing, the 5 consistency of the GC percentage between the genome sequence and sequencing data was 6 assessed. In brief, an equal number (N=50 millions) of aligned read-pairs was randomly 7 selected from each sample (30) that was sequenced on the BGISEQ-500 platform with 8 our MpCP approach and merged into a total dataset to avoid bias generated by genomic 9 alterations in each particular sample. Adjustable sliding windows (i.e., 50-kb and 5-kb 10 increments) were determined using an equal number of aligned read-pairs, and the GC 11 percentage of each window was calculated based on the human reference genome (hg19).
12
For each sample, the GC percentage in each window was calculated as the median GC Figure S1 ), and circularized to form 8 double-stranded circles (dsCirs). To improve the efficiency of DNA circle formation, 14-9 bp overhangs were used. The longer overhang resulted in an average 32% circularization 10 efficiency in five replicates (data not shown) compared to only ~4% from five replicates 11 prepared with the BLBEC protocol described previously (8, 27) .
The Ad1 dsCirs contained a gap that acted as the initiation site for a controlled 13 polymerization reaction termed Controlled Nick Translation (CNT). Then, the 3'-end of 14 Ad2 (Ad2_3') was directly added to the 3'OH termini of duplex DNA containing gaps 15 using 3'BL (23). After ligation, another controlled polymerization reaction was 16 performed on the single-stranded DNA (ssDNA) template and is therefore named (Table 1) . In CPE, a primer was hybridized to Ad2_3' and 20 extended onto the genomic template on the other side of Ad1. The 5'-end of Ad2 21 (Ad2_5') was then added through another 3'BL to the newly synthesized CPE template, naCNT for an extension of approximately 100 bp. We also found that naCNT products 1 contain gaps of a few bp, because the 3' exonuclease activity of PolI can cleave a few 2 nucleotides from the nicks in a 5' to 3' direction (data not shown).
3
To replace the complicated biotin capture method used to enrich targets in other 4 protocols, we tried to use CPE to recover products of interest. We hypothesize that, as for 5 CNT reactions, there are two ways to control primer extension length-by limiting the 6 nucleotide amount (naCPE) or by managing the reaction time and temperature (ttCPE).
7
We first assessed whether limiting dNTPs could control DNA extension length ( Figure   8 3). The naCPE template was 0.16 pmol of an 700-3,000 bp genomic DNA fraction with 
MpCP Library Optimization
22
We next compared different combinations of CP conditions and assayed the sequencing 1 quality of the MpCP libraries using improved cPAL technology from previously 2 published work (26). To minimize the coverage and GC bias in naCNT, two approaches 3 were used (Table 2) . First, more than one polymerase, such as a combination of PolI with 4 Taq Pol, was included to process through most, if not all, polymerase-specific pausing 5 sites to minimize bias. Second, dATP and dTTP (3xAT) were provided in a three-fold 6 excess relative to dCTP and dGTP, because the human genome contains a higher 7 percentage of A and T. naCNT. In addition, similar percentages of genome and exome coverage were observed 20 for library #2 using ttCPE and libraries #3 and #4 using naCPE, suggesting that ttCPE 21 and naCPE are interchangeable. However, because it is difficult to precisely quantify the 22 branched templates after naCPE and 3' BL, ttCPE was adopted for further experiments.
23
Taken together, we incorporated naCNT with 3xAT and ttCPE into our optimized MpCP 1 workflow because this workflow demonstrated minimal GC and coverage bias. (Figure 1) . Here, we compared the percentages of read-pairs with an aligned 20 distance <1 kb in each method. Consistent to our hypothesis, the results showed that
21
MpCP produced only ~0.7% of read-pairs with an aligned distance <1 kb, compared to 22 the ~27.5% observed with BLBEC (Table 1 and Figure 5A ). Even though only ~5.8% 1 of these read-pairs remained for BLBEC when only considering uniquely aligned and 2 non-duplicated read-pairs (Figure 5B ), ~33% lower physical coverage was obtained 3 using BLBEC compared to MpCP (Figure 5C ), indicating a much higher utility of 4 sequencing data using MpCP. Of note, a slightly higher duplication rate was observed in 5 samples prepared with MpCP compared to those prepared with BLBEC, which might be 6 due to the reduction of DNA input from 3 µg to 1 µg ( Table 1 ). In addition, to evaluate 7 performance using shorter reads such as the data generated using EcoP15I, the read-pairs 8 from each sample were reduced to 26 bp (PE26) and subjected to analysis with the same 9 parameters. Although no difference of the genome-wide physical coverage rate was seen 10 between the two different library construction methods for the PE50 data, the coverage 11 was 4% higher with MpCP compared to BLBEC with the 26-bp reads ( which is an updated version of BLBEC that uses adaptors for circularization instead of 17 blunt ends and is sequenced in paired-end mode with >100-bp reads. However, 24.4% of 18 read-pairs were found to have < 1 kb of aligned distance in total for each sample, and 19 80.8% of these read-pairs were uniquely aligned from both ends (Figure 5D) were also trimmed to 26 bp and subjected to the same analysis. Unsurprisingly, the However, problems such as a high DNA input requirement and high cost limit its clinical 7 application (Table 3 ) (5, 14) . In this study, we developed a cost-effective and high-8 efficiency mate-pair library construction method based on advanced controlled DNA 9 polymerization during both nick translation and primer extension with a novel adapter 10 ligation reaction recently developed by some of the current authors (23).
11
Compared to previously reported approaches (3, 5, 7, 14, 18, 37) , our method includes the 12 following four improvements: (1) using an adapter with a 14-bp overhang increases Figure S2) , we only performed PE100 to keep sequencing 11 cost low and decrease turn-around-time while examining its feasibility in clinical 12 applications.
13
In this study, we have demonstrated the effectiveness of controlling polymerization 14 during nick translation and primer extension with 3'BL, a special ligation event.
15
Although studies show that nick translation can be performed by adjusting reaction 16 temperature and duration prior to exonuclease digestions, a gel purification step is 17 required due to the large range of templates generated (14 for analysis in each sample; a pooling step is suitable to increase the sample volume in 12 each batch (7). However, in this study, due to the flexibility of sequencing orientation for 
21
Due to all the improvements described above, the reagent cost for this approach is 
